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UV crosslinking assays were performed to characterize interactions between the leader of the cauliflower mosaic virus
(CaMV) 35S RNA and cellular, cytoplasmic proteins. From turnip, a host for CaMV, three different proteins, p35, p49, and
p100, interacted with multiple binding sites within the leader. p35 binds to RNA nonspecifically and p49 binds with low
specificity, whereas p100 interacts specifically with viral sequences. The expression of the proteins is not induced upon
virus infection, as there is no difference in the protein pattern between healthy and infected cell extracts. In a cellular
fractionation, p35 and p100 remain in the high-speed supernatant whereas p49 cosediments with polysomes. A possible
involvement of these proteins in the translation of the CaMV 35S RNA is discussed. q 1996 Academic Press, Inc.
INTRODUCTION 5–10% of mRNAs carry upstream small open reading
frames (sORFs) that per se hinder translation (Kozak,
Cauliflower mosaic virus (CaMV) is the type member
1987). Compared to cellular mRNAs, the CaMV 35S RNA
of caulimoviruses, a group of plant pararetroviruses [for
leader is exceptional in several respects: it is unusually
a review see Rothnie et al. (1994)]. In CaMV-infected
long and folds into a complex stem–loop structure (Fu¨t-cells, mRNAs are transcribed from two different promot-
terer et al., 1988). Furthermore, it contains, depending oners (Fig. 1): the polycistronic 35S RNA serves as the
the strain, 6 to 7 sORFs, 1 to 35 codons in length (Fu¨tterertemplate for reverse transcription [for a review see
et al., 1988; Hohn et al., 1989). Upstream sORFs andBonneville and Hohn (1993)], as mRNA for viral proteins
long structured leader sequences are features of mRNAs(Dixon and Hohn, 1984), and also as substrate for various
whose expression is highly regulated, such as mRNAssplicing events (Kiss-La´szlo´ et al., 1995); and the subgen-
of transcription factors [e.g., Lc (Damiani and Wessler,omic, monocistronic 19S RNA encodes the viral inclusion
1993)], proteins involved in signal transduction [e.g.,body protein (Covey and Hull, 1981), which acts also
opaque-2 (Lohmer et al., 1993); GCN4 (Mu¨ller and Hin-as translational transactivator (Bonneville et al., 1989;
nebusch, 1986); ornithine decarboxylase (Manzella andFu¨tterer and Hohn, 1992; Sha et al., 1995; Zijlstra and
Blackshear, 1991)] and viral proteins [e.g., picornavirusHohn, 1992) and probably has additional functions (Him-
proteins (Palmenberg, 1987)].melbach et al., 1996).
The negative effect of the leader sORFs on CaMVThe terminally redundant 35S RNA contains a 600-
translation is partially compensated for by cis-acting sig-nt-long leader (Fig. 2A) that includes important signals
nals present in the leader. It was proposed that thesecontrolling different functions of the viral life cycle: it com-
act through a shunt mechanism allowing the scanningprises all the signals required for polyadenylation (Roth-
complex to bypass the central leader region (Fu¨tterernie et al., 1994; Sanfac¸on et al., 1991), the primer binding
et al., 1990, 1993). Ribosome shunting has also beensite for reverse transcription (Pfeiffer and Hohn, 1983), a
observed in a badnavirus, in rice tungro bacilliform virussplice donor (Kiss-La´szlo´ et al., 1995), and translation
(RTBV) (Fu¨tterer et al., 1996), and in adenovirus latecontrol signals (Fu¨tterer et al., 1990; Fu¨tterer et al., 1993).
mRNAs, directed by a complex group of secondary struc-It has also been proposed to contain the packaging sig-
tures in the tripartite leader (Yueh and Schneider, 1996).nal(s) (Fu¨tterer et al., 1988; Richins et al., 1987).
The molecular mechanism of the shunt is still unclear.Translation of most eukaryotic mRNAs is preceded by
However, since shunting can occur in the absence ofscanning of the 43S preinitiation complex along the RNA
any viral gene product, it is possible that (one or more)and initiation at the first AUG in a favorable context [scan-
cellular factors could participate in the process.ning model of translation (Kozak, 1989)]. However, about
Protein–RNA interactions between leader or trailer re-
gions and cellular proteins were studied in a number of1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (4161) 6973976. animal viruses [e.g., Leopardi et al., 1993; Pogue et al.,
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MATERIALS AND METHODS
Preparation of cell extracts
Protoplasts were prepared from noninfected or CaMV-
infected turnip leaves (Brassica rapa, ‘‘Just right’’) as de-
scribed in Fu¨tterer et al. (1989). Cytoplasmic S12 extracts
were prepared by freezing and thawing the protoplasts in
1 vol of homogenization buffer containing 50 mM Tris/HCl,
pH 8.0, 5% glycerol, 100 mM KCl, 1 mM PMSF, 5 mM e-
aminocapronic acid, 10 mM EGTA, 5 mM DTT, 1 mg/ml
antipain (Gegenheimer, 1990). The mixture was spun at
12,000 g at 47 for 20 min. The supernatant, S12, was used
either directly for UV crosslinking experiments or centri-
fuged at 120,000 g for 2 hr at 47 to prepare a polysomal
fraction (P) and a high-speed supernatant (S120), respec-
FIG. 1. Circular map of the CaMV genome. The ORFs are indicated tively (Dasgupta et al., 1980). Protein concentration in each
by shaded arrows in the outer circle. ORF VII (no known function), I
sample was determined by the method of Bradford (1976).(M, cell-to-cell movement), II (ITF, insect transmission factor), III (no
Aliquots of all fractions were stored at 0807.known function), IV (GAG, structural proteins), V (enzymatic functions;
PRO, protease; POL, polymerase and RNaseH), VI (TAV, transactivator).
The two major viral RNAs are shown as arrows along the respective Plasmid constructions
coding region.
Construction of plasmid pSLC20 has been previously
described (Fu¨tterer et al., 1989). Briefly, this plasmid con-
tains an SP6 promoter followed by the entire 614 nt of the1993] and elaborated extensively for picornaviruses (Del
CaMV leader (strain S) plus the chloramphenicol acetylAngel et al., 1989; Jang and Wimmer, 1990; Luz and Beck,
transferase (CAT) gene fused to ORF VII. Fragments Ia1991; Meerovitch et al., 1989). A cytoplasmic 57-kDa pro-
and IVa (Fig. 2B) and the plasmids used for the mutationtein was described to bind to several regions of the inter-
and deletion analysis of fragment IVa were constructednal ribosomal entry site (IRES) and this binding was cor-
by introducing synthetic oligonucleotides into the vectorrelated with efficient translatability in vitro (Hellen et al.,
pT3T7 (Boehringer Mannheim). The remaining fragments1993; Jang and Wimmer, 1990; Pestova et al., 1991). Evi-
were obtained by subcloning appropriate regions of thedence had been obtained that p57 is identical to the
leader into the vectors pSP65 and pGEM1 (Promega).pyrimidine tract binding protein, PTB (Hellen et al., 1993),
The numbering of the CaMV leader is taken from Fu¨tterera protein that has been assigned to function in pre-mRNA
et al. (1990).splicing (Patton et al., 1991). p52, a second protein in-
volved in poliovirus internal initiation, turned out to be
In vitro transcription
the La-autoantigen (Meerovitch et al., 1993), a nuclear
protein involved in transcription initiation and termination Uniformly labeled RNAs were prepared by in vitro tran-
scription of the linearized plasmids, using SP6 (Boeh-of RNA polymerase III transcripts (Maraia, 1996).
ringer Mannheim), T3 (Boehringer Mannheim), or T7 (Bio-Little is known about RNA–protein interactions involv-
finex) RNA polymerase and [a-32P]UTP (800 Ci/mmol;ing plant viruses and their host factors. In tobacco mo-
NEN) according to the manufacturer’s instructions. Tran-saic virus (TMV), the V sequence at the 5*-end and the
scripts were purified on 6% denaturing polyacrylamidepseudoknot region at the 3*-end play an important role
gels. In competition experiments transcripts were pre-in increasing translation efficiency and they specifically
pared in the presence of tracer amounts of [a-32P]UTPbind a cellular protein (Leathers et al., 1993; Tanguay
in order to allow precise quantification of the amount ofand Gallie, 1996).
RNA added.In this report we describe the interaction of turnip cyto-
plasmic proteins with the 5*-leader of the CaMV 35S RNA.
UV crosslinking of RNA–protein complexesThree proteins bind to multiple sites in this region. p100
interacts strongly with two defined regions within the Protein extracts (5–10 mg protein) were preincubated
leader; p49, which usually appears as a doublet, binds with at room temperature for 10 min with 100 mg/ml tRNA
lower specificity to different subfragments of the leader, but (Boehringer Mannheim) as a nonspecific competitor in a
it interacts with neither the first 60 nucleotides of the leader buffer containing 10 mM HEPES (pH 7.6), 8 mM MgCl2 ,
nor the vector-derived RNA sequences; p35 binds nonspe- 1 mM DTT, 4 mM spermidine, 1 mg/ml heparin, 5% glyc-
cifically to RNA. One of the p100 binding sites was further erol, 20 U RNase inhibitor (Boehringer Mannheim) in a
final volume of 10 ml. In competition experiments, com-characterized by mutational analysis.
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FIG. 2. UV crosslinking of different parts of the CaMV 35S RNA leader to cytoplasmic proteins from noninfected turnip leaves (S12). (A) 35S RNA
leader with the small ORFs (A – F) and the first large ORF, ORF VII. (B) The entire leader and the various subfragments used to identify the binding
sites of the proteins. The numbering of the leader sequence is taken from Fu¨tterer et al. (1990). As a control, a nonspecific plasmid-derived RNA,
a 169-nt-long transcript of the vector pT3T7 linearized with PvuII, was used. The binding of the proteins is indicated on the right. (C) Autoradiograph
of a 12.5% SDS–polyacrylamide gel. In each sample, equimolar amounts (30 fmol) of the RNA were incubated with 5 mg of a protein extract. The
size in kDa of protein markers is indicated on the left. Positions of p35, p49, and p100 are indicated on the right.
petitor RNAs were included in the preincubation mix. formed in the absence of protein extracts, no band was
visible (Fig. 3B, lane 1). This indicates that the RNA diges-Uniformly labeled RNA transcripts were then added and
the reaction mixture was further incubated for 15 min at tion was complete, and that the labeled bands resulted
indeed from RNA–protein interactions and not from par-room temperature. RNA– protein complexes were cross-
linked at 07 with a UV Stratalinker 1800 (Stratagene Inc.) tial RNA digestion.
To test whether these complexes were formed withfor 30 min at 120,000 mJ. After irradiation, samples were
treated with a cocktail of 10 mg RNase A, 10 U RNase specific sequences within the leader, subclones were
prepared to produce four RNA fragments (I to IV, Fig. 2B)T1, and 8 U RNase V1 for 20 min at 377 and analyzed
by electrophoresis on 12.5% SDS–polyacrylamide gels that span the entire leader. In addition, subfragments of
I and IV (Ia and Ib, and IVa and IVb, respectively) were(Laemmli, 1970). The gels were stained with Coomassie
blue and dried and the RNA–protein complexes were tested, with Ib being in fact a partially overlapping frag-
ment of I, containing 17 additional nucleotides at its 3*-visualized by autoradiography.
end. All of these leader-specific fragments, as well as a
nonspecific plasmid-derived RNA, could be crosslinkedRESULTS
to p35 (Fig. 2C, lanes 1 to 10), indicating that p35 binds
Identification of cellular proteins that bind to the
RNA nonspecifically. p49 was strongly crosslinked to
CaMV leader
fragments I, II, III, and IV (lanes 2, 5, 6, and 7). Within
fragment I, p49 did not bind to Ia (lane 3), but it interactedRNA–protein interactions were analyzed in UV cross-
linking experiments after incubating the full-length leader with Ib (lane 4), whereas within fragment IV, p49 bound
to both subfragments, IVa and IVb (lanes 8 and 9). Theof the CaMV 35S RNA (Fig. 2B) with a cytoplasmic protein
extract (S12) from noninfected turnip leaves. Three pro- fact that neither the first 60 nucleotides of the leader
(lane 3) nor the vector-derived RNA (lane 10) could beteins with apparent molecular masses of 35, 49, and 100
kDa were detected by autoradiography after separation crosslinked to this protein suggests that p49 interacts
with CaMV leader with a certain specificity, although low.by SDS–PAGE (Fig. 2C, lane 1). p49 usually appears as
a doublet (see Discussion). A third protein, p100, was bound to fragment IV (lane 7)
and a weaker interaction was also observed with frag-The protein character of the labeled bands was tested
in control reactions that included proteinase K digestion ment I (lane 2). When subfragments were tested, p100
interacted with Ib and IVa (lanes 4 and 8, respectively),prior to gel electrophoresis. After this treatment, the la-
beled bands disappeared, indicating that they resulted but not with Ia and IVb (lanes 3 and 9, respectively),
indicating a specific binding of p100 to certain leaderfrom protein–RNA interactions (data not shown). In addi-
tion, when the UV crosslinking experiment was per- sequences.
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FIG. 3. Competition experiments using fragment Ib as labeled RNA probe and S12 cytoplasmic extract from turnip leaves. (A) Competition using
an increasing amount of the heterologous in vitro transcribed RNA comprising fragment Ia of the leader. Lane 1, no competitor added. Lanes 2 to
6, addition of 10 to 200 molar excess of unlabeled competitor as indicated. (B) Competition using an increasing amount of the homologous in vitro
transcribed RNA. Lane 1, RNA crosslinked without protein extract. Lane 2, no competitor added. Lanes 3 to 7, addition of an increasing amount of
unlabeled competitor in the preincubation mixture. The molar excess of competitor is indicated in each lane. The positions of the three proteins
are marked.
The experiments discussed above were performed ble at a 25-fold excess of competitor (Fig. 3B, lane 4).
with extracts from healthy turnip leaves. When extracts These experiments confirmed the specific binding of
from CaMV-infected turnip leaves were used, the same p100 to fragment Ib of the CaMV leader and shows that
proteins interacted with the leader and no additional p49 binding is not completely nonspecific.
complex could be observed (data not shown). This indi- To examine whether the proteins interact preferentially
cated that the proteins interacting with the leader were with certain bases, poly(A), poly(U), poly(C), and poly(G)
neither induced nor degraded upon virus infection. were tested as competitors. These single-stranded
homopolymers did not compete well for the binding of
Specificity of binding any of the proteins including p35 (Fig. 4) at concentra-
tions up to 100-fold excess. At 1000-fold excess, poly(A)The specificity of the complexes formed between the
still did not compete for binding (lane 4), whereas poly(U)cellular proteins and CaMV leader fragments was further
showed competition for all three proteins (lane 7). poly(C)tested in competition experiments where increasing
and poly(G) could compete to some extent for p35 bind-amounts of competitor RNA were preincubated with the
ing, to a lesser extent for p49 binding, and almost not atprotein extract. Two different types of competitors were
all for p100 binding (lanes 10 and 13). To analyze whetherused: (i) in vitro transcribed RNA fragments and (ii) homo-
this low competition capacity was due to the single-ribopolymers.
stranded nature of the homopolymers, double-strandedIn a first set of experiments, competition with unla-
poly(A)rpoly(U) was also tested. This polymer had nobeled in vitro transcribed RNA fragments was used to
effect on the binding of the three proteins to fragmentinvestigate the specificity of binding of these proteins to
Ib, even at 1000-fold excess (Fig. 4, lane 17).fragment Ib (Fig. 3). Even a 100-fold excess of fragment
To demonstrate that the same proteins and not onlyIa, which binds only p35, did not drastically affect cross-
proteins of similar molecular weights bind to the differentlinking of p49 and p100 to fragment Ib (Fig. 3A, lane 5).
leader regions, cross-competition experiments were car-A 200-fold excess of competitor was necessary to ob-
ried out. Using fragment Ib as labeled RNA, fragmentserve an effect on p49 and p100 binding (lane 6). How-
IVa was a very strong competitor for all three proteins,ever, competition was visible for p35 binding at 50-fold
indicating that the same proteins of 35, 49, and 100 kDaexcess of competitor (lane 4). The same competition pat-
bind to the two fragments (Fig. 5, lanes 1–4). This resulttern was obtained when the vector derived RNA fragment
was supported by an experiment in which fragment IVawas used as competitor (not shown). In contrast, compe-
was used as the labeled probe and fragment Ib wastition with a homologous unlabeled probe inhibited the
used as the competitor. Again, Ib was a strong competitorbinding of all three proteins at a lower molar excess
for the binding of all three proteins (not shown). These(Fig. 3B). A reduction of complex formation between the
labeled Ib fragment and p49 and p100 was already visi- results show that the 100-kDa protein binding to fragment
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FIG. 4. Competition for binding of p35, p49, and p100 by homopolymers. Turnip S12 cytoplasmic extracts were crosslinked to fragment Ib in the
presence of no competitor (lanes 1 and 14), and a 10, 100, and 1000 times molar excess of poly(A) (lanes 2 to 4), poly(U) (lanes 5 to 7), poly(C)
(lanes 8 to 10), poly(G) (lanes 11 to 13) and poly(A)rpoly(U) (lanes 15 to 17). Proteins were separated on SDS–12.5% polyacrylamide gels. Positions
of p35, p49, and p100 are indicated.
Ib is the same as the one that binds to fragment IVa. The the competition experiments, suggesting a weaker inter-
action of fragment III with these proteins. On the othersame is true for p49 and p35. Fragment III, on the other
hand, turned out to be a weak competitor for binding hand, complex formation between p100 and fragments
Ib and IVa was still visible at 800 mM KCl (lanes 5 andof p35 and p49. A 100-fold excess of fragment III was
necessary to visualize competition with p49 (Fig. 5, lane 8), indicating a high binding affinity of p100 for these
RNA fragments.7). As expected, less competition was observed for p100
binding, since this protein does not interact with fragment
III (Fig. 2C, lane 6). Effect of point mutations in fragment IVa on protein
In a different approach, the effect of increasing ionic binding
strength on the binding of p49 and p100 to various leader
fragments was studied (Fig. 6). The standard reactions Fragments Ib and IVa, which interacted strongly with
both p100 and p49, have no obvious sequence similaritywere carried out at a concentration of 50 mM KCl. Binding
of p35 to fragments Ib and IVa was drastically reduced besides their AU-richness. To investigate the cis-acting
elements important for protein binding, fragment IVa wasat 600 mM KCl (lanes 4 and 7). On the other hand, p35
binding to fragment III was strongly reduced already at further analyzed. This fragment was chosen because it
contains three repeats of an UAUAC sequence motif that300 mM KCl (lane 12). The binding of p49 was notably
reduced at 200 mM KCl where measured (lanes 2 and had a substantial effect on translational efficiency in
transfected protoplasts of a reporter gene located down-11). However, at 400 mM KCl p49 still binds to fragment
Ib and IVa (lanes 3 and 6, respectively), whereas binding stream of the leader (Fu¨tterer et al., 1993). Point muta-
tions were introduced into this fragment (Fig. 7A) and theto fragment III was nearly undetectable at 300 mM KCl
(lane 12). These findings confirm the results obtained in interaction of the resulting RNA with the different proteins
FIG. 5. Cross-competition using fragment Ib as labeled transcript and fragment IVa (lanes 1–4) and III (lanes 5–8) as competitors. Lanes 1 and
5, no competitor added. Molar excess indicated on top of each lane. Positions of p35, p49, and p100 are indicated.
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FIG. 6. Effect of ionic strength on complex formation. UV crosslinking with turnip S12 extract and (a) fragment Ib, (b) fragment IVa, and (c) fragment
III in the presence of different KCl concentrations as indicated. The KCl concentration in standard reactions was 50 mM.
was tested (Fig. 7B). In fragment IVp , four bases were indicating that it is unlikely that the reduction in binding
is due to major conformational changes of the RNAs.changed and one was deleted compared to the wild-type
sequence. The UAUAC motifs were not touched. These
changes did not alter binding of the proteins (Fig. 7B, Protein p49 cosediments with polysomes
lane 1). However, the additional mutation of the UAUAC
motifs to CAUGC (mutant IVc, Fig. 7A) dramatically re- The proteins p35, p49, and p100 were all found in
the crude cytoplasmic extract (S12) of turnip leaves. Aduced the affinity for p100. Binding of p49 was also af-
fected whereas binding to p35 was not altered (Fig. 7B, different protein pattern was observed in UV crosslinking
experiments under the conditions described above,lane 3).
The mutation analysis suggests that the UAUAC motifs when nuclear extracts from turnip or Orychophragmus
violaceus, another CaMV host plant, were used; no bandsin fragment IVa form part of the important cis-elements
required for p49 and especially p100 binding. According corresponding to molecular masses of 35, 49, and 100
kDa were observed (data not shown). In order to get ato computer predictions, the IVp and IVc RNAs can form
a secondary structure similar to the wild-type IVa RNA, first insight into their cytoplasmic distribution, the S12
FIG. 7. Mutation analysis of fragment IVa. (A) Primary sequence of the different RNA transcripts used for the analysis. Vector sequences are
indicated by lowercase letters; the start site of leader sequences is indicated by an arrowhead. Arrows show the position of the three UAUAC
motifs. Fragment IVa was used as a reference. Deviations from this sequence are shown in the mutants. Hyphens, identical sequences; dots,
deleted bases. (B) UV crosslinking experiment using S12 cytoplasmic extract from turnip and the different mutants shown in A. The positions of
the proteins are indicated.
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V leader and to the pseudoknot domain in the 3*-UTR of
TMV RNA and has been proposed to mediate the positive
effect that these regions have on translation (Tanguay
and Gallie, 1996).
The leader sequences of CaMV and RTBV pregenomic
RNAs and adenovirus late RNAs have been proposed to
direct translation by a mechanism known as ribosome
shunting or jumping. (Fu¨tterer et al., 1993, 1996; Yueh
and Schneider, 1996). The fact that shunting can occur
in the absence of viral gene products prompted us to
search for cellular proteins binding to CaMV leader as
possible candidates to participate in the process. The UV
crosslinking experiments reported here revealed three
cytoplasmic proteins that interact with the 5* leader of
CaMV 35S RNA (Fig. 2). The relative amount of each of
the three proteins that was crosslinked to RNA was vari-
able between experiments. The reason for this is un-
known, but it could reflect variations in the amount of
each of the proteins in the different batches of cellular
extracts. p35 was shown to bind rather nonspecifically
to all RNAs tested. p49 did not bind to a nonviral plasmid-
FIG. 8. Localization of the proteins. Different protein fractions (see derived RNA; however, it interacted with most leader
Materials and Methods) were crosslinked to fragment IVa. S12, crude fragments (Fig. 2C), with the exception of the first 60
cytoplasmic extract (lane 1); P, polysomal pellet (lane 2) and S120, high-
nucleotides of the leader (fragment Ia). In many experi-speed supernatant (lane 3). The positions of the proteins are indicated.
ments p49 appeared as a double band. Whether this
second band corresponds to a posttranslational modifi-
preparation was further centrifuged at 120,000 g to obtain cation of p49, a degradation product, or, alternatively, to
a high-speed supernatant (S120) and a polysomal pellet an additional protein is not yet known. However, since
(P). Figure 8 shows that p35 and p100 both remained in this second band shows the same specificity as p49 (see
the high-speed supernatant (lane 3), whereas p49 cosed- competition experiments, Figs. 3 and 4) and the same
imented with the polysomes (lane 2). cellular localization (Fig. 8), it is most probably related
to p49 and not an additional protein. A more specific
DISCUSSION interaction with only two defined regions of the leader,
subfragments Ib and IVa, could be demonstrated forIn eukaryotic cells posttranscriptional mechanisms
p100. This interaction seems to be strong, since it re-play a considerable role in regulating gene expression
quires more than 800 mM KCl to dissociate the complexand there is a multitude of proteins interacting with
(Fig. 6). This is comparable to the binding affinity of themRNA leader or trailer regions involved in mediating this
TMV p30 protein to RNA (Citovsky et al., 1990). Besidesregulation (e.g., Burd and Dreyfuss, 1994; Curtis et al.,
these interactions, p100 was also bound to the larger1995; Mc Carthy and Kollmus, 1995; Standart and Jack-
fragments I and IV (Fig. 2C). The fact that p100 interactsson, 1994). Leader-binding regulatory proteins may in-
more weakly with fragments I and IV than with the sub-hibit or enhance translation by stabilizing secondary
fragments Ib and IVa could have different interpretations.structures. For instance, translation of ferritin is re-
One possibility is that the structure of the RNA is im-pressed by the IRP protein that binds to the iron respon-
portant for binding; a more favorable structure might besive element (IRE) present in the 5*-untranslated region
formed by fragment Ib and IVa, whereas fragments I and(UTR) of the ferritin mRNA (Klausner et al., 1993). Positive
IV might adopt a conformation for which p100 wouldtranslational regulation has mainly been observed in con-
have less affinity. For fragment I, another possibility exits:nection with viral RNAs; for instance, cellular proteins,
subfragment Ib contains 17 additional nucleotides (Fig.like p57, identified as the polypyrimidine tract binding
2B) which could be important for p100 recognition.protein (PTB) and p52, identified as the La-autoantigen,
By cross-competition experiments it was shown thatare proposed to be involved in the internal translational
the same p35, p49, and p100 protein species bind toinitiation of picornaviral RNA (Hellen et al., 1993; Kamin-
the different leader fragments and not different proteinsski et al., 1995; Meerovitch et al., 1993; Svitkin et al.,
having similar mobility in SDS–PAGE. These experi-1994). A plant protein of 102 kDa molecular mass, iso-
lated from wheat germ, has been shown to bind to the ments also indicate that within each protein the same
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binding site is used for interaction with the different ever this is not a prerequisite for proteins involved in
translation, since some initiation and elongation factorsRNAs.
The entire CaMV 35S RNA leader is AU-rich. A compar- are isolated from the supernatants of cytoplasmic ex-
tracts after a high-speed centrifugation to pellet the poly-ison of the different binding sites for p100, however, did
not reveal any apparent sequence similarity. The specific somal fraction (Lax et al., 1986). In addition, both binding
sites of p100 overlap with regions of the CaMV leaderbinding of a protein to different RNAs without any appar-
ent sequence similarity was also described for the bind- that have been defined as important for the shunt mecha-
nism of translation in transient expression experimentsing of p57 to different parts of the internal ribosome entry
site of poliovirus RNA (Hellen et al., 1994) and foot and (Fu¨tterer et al., 1990, 1993). In particular, mutations intro-
duced into the UAUAC motifs of fragment IVa reducedmouth disease virus RNA (Luz and Beck, 1991) and for
the binding of the wheat germ protein p102 to the 5*- translation efficiently in protoplasts and drastically re-
duced binding of p100 and also p49.and 3*-UTRs of TMV RNA (Tanguay and Gallie, 1996).
To determine more precisely cis-acting elements re- In picornaviruses, the RNA binding proteins are
thought to be part of a larger complex (Jang and Wimmer,quired for binding, fragment IVa was further investigated.
In transient expression experiments this region was 1990). This could also be true for the CaMV leader bind-
ing proteins. The two binding sites of p100 are about 200shown to be important for translation of a reporter gene
downstream of the leader. It contains three copies of a nt apart in the primary sequence but are very close to
each other in the proposed secondary structure (Fu¨ttererUAUAC motif, and mutations in these motifs affect trans-
lation efficiency (Fu¨tterer et al., 1993). Point mutations et al., 1988). An interaction between different proteins
and different parts of the leader might stabilize a specificintroduced into these motifs considerably reduced bind-
ing of p49 and p100 (Fig. 7B). The effect of the mutation tertiary conformation. Such a complex might allow the
shunt mechanism to take place.is more drastic for p100 binding. From these results we
conclude that the motifs are important for the binding of The 35S RNA is terminally redundant and the first 180
nt of the leader, including most of fragment Ib, are dupli-both proteins to fragment IVa. On the other hand, the
exact primary sequence of the motifs does not seem to cated at the 3*-end of the RNA. Therefore an even more
complex interaction between the 5*- and 3*-nontrans-be absolutely required for binding, since they are not
present in fragment Ib to which the proteins also bind. lated ends of the CaMV 35S RNA could be considered.
Studies are underway to purify the leader binding pro-In addition, the requirements of both proteins must be
different, since p49 interacts with RNA molecules to teins and to investigate further their function in the viral
life cycle, and as they are also present in noninfectedwhich p100 does not bind. One possibility is that, in
addition to the primary sequence, secondary and tertiary cells, their function in the host.
structural elements are involved in the recognition; the
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